Osteosarcoma (OS) is the most common form of bone malignancy in children and adolescents. MicroRNAs (miRNAs) have been associated with the development and progression of OS. In the present study, reverse transcription-quantitative PCR, western blotting, Cell Counting Kit-8, luciferase and Transwell assays were performed to investigate the biological function of microRNA-150 (miR-150) in OS. The results revealed that miR-150 was significantly downregulated in OS cell lines (HOS, SAOS2, MG-63 and U2OS) in comparison with the normal osteoblast cells (hFOB1.19). Overexpression of miR-150 significantly inhibited cell proliferation in OS cells. miR-150 could sensitize OS cells to chemotherapy treatment of doxorubicin. Runt-related transcription factor 2 (RUNX2) was identified as a target gene of miR-150. RUNX2 knockdown exhibited similar inhibitory effects on both OS cell proliferation and chemotherapy sensitivity. Restoration of RUNX2 reversed the biological function of miR-150. Finally, miR-150 overexpression and RUNX2 knockdown enhanced caspase-3 cleavage. Taken together, the present study established a novel molecular mechanism, in that miR-150 plays tumor suppressor and chemoprotective roles by targeting RUNX2 in OS, indicating that miR-150 may be a potential therapeutic target for OS therapy in the future.
Introduction
Osteosarcoma (OS) is a bone tumor that is primarily observed in children and adolescents (1) , making up 2.4% of all pediatric patient malignancies and ~20% of all types of primary bone cancer (2) (3) (4) . OS is the most common type of primary bone malignancy, and normally affects the long bones of legs and arms (4) . Although the therapy of OS has improved over the past decade, the prognosis of OS remains poor. The main cause of the poor prognosis is the occurrence of metastases following surgical resection and intensive chemotherapy (5, 6) . OS pathogenesis, progression and prognosis have been revealed to be regulated by a number of tumor-associated signaling pathways. However, the detailed molecular mechanisms underlying OS formation and development remain poorly understood (7, 8) . In order to improve the therapy and develop better prognoses for patients with OS, the potential underlying molecular mechanisms must be elucidated and new therapeutic targets must be identified for OS treatment.
MicroRNAs (miRNAs) have been demonstrated to regulate gene expression via binding to the 3'-untranslated region (3'-UTR) of their target mRNAs (9) . Previous studies have demonstrated that miRNAs are important cancer biomarkers and play a key role in cancer cell growth and metastasis (10, 11) . Tumor-associated miRNAs can function as both or either tumor suppressors and oncogenes, depending on the biological function of the target genes (12, 13) , meaning the function of miRNAs in tumors can be two-sided (14) . miRNA-150 (miR-150) is a tumor-associated miRNA, which has been reported as a biomarker in several different types of cancer, including osteosarcoma (15) , gastric cancer (16) , non-small cell lung cancer (17) . Colorectal cancer (18) and leiomyoma (19) . However, the biological function and the underlying mechanisms of miR-150 in OS have not yet been investigated.
The runt-related transcription factor 2 (RUNX2) gene has been suggested to be a cancer-associated gene that is implicated in chemotherapeutic resistance. RUNX2 is often amplified and aberrantly expressed in OS, and is the master regulator of skeletal development, directly regulating cell proliferation, apoptosis and differentiation in osteoblasts (20) . However, in order to evaluate whether RUNX2 is a viable biomarker and therapeutic target for OS treatment, it is necessary to investigate the specific biological role of RUNX2 in OS. Therefore, the aim of the present study was to investigate the biological function and associated mechanism of miR-150 in OS doxorubicin (DOX) sensitivity of OS. 
MicroRNA-150 functions as a tumor suppressor and sensitizes osteosarcoma to doxorubicin-induced apoptosis by targeting RUNX2

Materials and methods
Reverse transcription-quantitative PCR (RT-qPCR) analysis.
Total RNA was extracted from the HOS and U2OS cell lines and tissues using TRIzol ® reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Reverse transcription was performed using a Takara PrimeScript™ RT reagent kit (Takara Bio Inc.) at 37˚C for 1 h and 85˚C for 15 sec. qPCR was performed using SYBR Green (Takara Bio Inc.). The thermocycling conditions were as follows: Initial denaturation at 90˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 34 sec) with the ABI Prism 7700 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientifc, Inc.). RUNX2 or miR-150 expression was quantified using the 2 -∆∆Cq method (21) . GAPDH and U6 were used as internal controls of the mRNA or miRNA, respectively. Sequences of the primers used in the present study were as follows: miR-150 forward, 5'-TGT CGT GGA GTC GGC AAT TCA GTT GAG CAC TGG-3' and reverse, 5'-ACA CTC CAG CTG GGT CTC CCA ACC CTT GTA-3; GAPDH forward, 5'-TGC ACC ACC AAC TGC TTA GC-3' and reverse, 5'-GGC ATG GAC TGT GGT CAT GAG-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'.
Luciferase assay. TargetScan bioinformatics algorithm (version 7.2; http://www.targetscan.org/vert_72/) was used to identify the potential targets of miR-150. The 293T cells (Type Culture Collection of the Chinese Academy of Sciences) were seeded in 24-well plates and cultured until they reached 60% confluence. After incubation overnight at 37˚C, the cells were co-transfected pmirGLO plasmids encoding RUNX2 wild-type (WT) 3'-UTR or mutant (Mut) 3'-UTR (Shanghai GenePharma Co., Ltd.) and miR-150 mimics (Shanghai GenePharma Co., Ltd.) or the control mimics (Shanghai GenePharma Co., Ltd.) using Lipofectamine 2000. Firefly and Renilla luciferase activities were detected using Dual-Luciferase Reporter assay system (Promega Corporation) 48 h after transfection, according to the manufacturer's protocol. All transfection assays were performed in triplicate. Cruz Biotechnology, Inc.) for 2 h at room temperature. The membranes were exposed using an ECL kit (EMD Millipore) and assessed using Image Lab™ Software 2.0 (Bio-Rad Laboratories, Inc.).
Statistical analysis. Data are presented as the mean ± standard error of the mean, and experiments were repeated at least three times. Significance between groups was analyzed by one-way analysis of variance followed by Student-Newman-Keuls test. Paired Student's t-test was used to analyze differences between paired samples. SPSS software (version 17.0; SPSS, Inc.) was used for the data analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-150 is decreased in OS tissues and cell lines. The expression levels of miR-150 in 26 OS tissues and non-tumor tissues were detected by RT-qPCR, and the results revealed that miR-150 was significantly decreased in OS tissues compared with non-tumor tissues (Fig. 1A) . The expression levels of miR-150 were also significantly decreased in the four human OS cell lines (HOS, SAOS2, MG-63 and U2OS) compared with the normal osteoblast cells (hFOB1.19) ( Fig. 1B) , indicating that miR-150 exhibits low expression levels in OS.
miR-150 inhibits OS cell proliferation and sensitizes OS cells to DOX.
In order to investigate the biological role of miR-150 in OS tumorigenesis, miR-150 was overexpressed in OS cell lines HOS and U2OS in the present study ( Fig. 2A and B) . Cell proliferation was assessed in order to determine the effects of miR-150 on OS cell growth using CCK-8. The data revealed that overexpression of miR-150 significantly inhibited the proliferation of HOS and U2OS cells ( Fig.  2C and D) . In order to investigate the role of miR-150 in OS cell chemotherapy resistance, an OS cell chemotherapy model was constructed using DOX. Cell viability was assessed in order to determine the effect of DOX treatment on OS cell viability. A dose-dependency assay was performed using 0, 25, 50, 75 and 100 µM DOX treatment. The results revealed that the cell viability of both HOS ( Fig. 2E ) and U2OS (Fig. 2F ) was significantly decreased with DOX treatment in a dose-dependent manner. No further reductions in cell viability was observed when the concentration of DOX exceeded 50 µM. Furthermore, miR-150 overexpression significantly decreased the cell viability of HOS and U2OS in the DOX treatment group, compared with the NC mimic + DOX group (Fig. 2G and H) . Thus, these data suggested that miR-150 inhibited OS cell proliferation and sensitized OS cells to DOX.
RUNX2 is a target gene of miR-150. In order to assess the downstream target and underlying molecular mechanism of miR-150 in OS, a TargetScan bioinformatics algorithm was used to identify the potential target gene of miR-150. The results revealed that RUNX2 was a potential target of miR-150 based on a putative 3'-UTR sequence (Fig. 3A) . A luciferase assay was performed in order to investigate the association between miR-150 and RUNX2. Luciferase reporter constructs containing the WT or Mut 3'-UTR of the RUNX2 were constructed. The results revealed that miR-150 significantly decreased the luciferase activity of the WT RUNX2 3'-UTR but not the Mut RUNX2 3'-UTR (Fig. 3B ). Overexpression of miR-150 significantly downregulated the expression of RUNX2 both in HOS and U2OS cells ( Fig. 3C and D) . The results indicated that RUNX2 was a target gene of miR-150 in OS.
RUNX2 is involved in miR-150-induced OS cell proliferation suppression and chemotherapy sensitization.
The aforementioned results indicated that miR-150 inhibited OS cell growth by targeting RUNX2. Therefore, the roles of RUNX2 in OS cell proliferation and chemotherapy resistance were further detected in the present study. The data revealed that RUNX2 expression was significantly decreased by transfection with miR-150 mimic in both HOS (Fig. 4A and B) and U2OS ( Fig. 4E and F) cells, compared with the NC mimic group. Treatment of the miR-NC group with DOX also significantly reduced the expression of RUNX2 (Fig. 4B and F) , suggesting that sensitization of OS to DOX chemotherapy is associated with RUNX2 expression. RUNX2 was then overexpressed using the pcDNA3.1 vector to rescue RUNX expression. Proliferation assays revealed that the suppressive effect of miR-150 on HOS (Fig. 4C ) and U2OS (Fig. 4G ) cells was comparable to that of shRUNX2. As presented in Fig. 4D and H, overexpression of RUNX2 reversed the effects of miR-150 on the DOX sensitization of HOS and U2OS cells, respectively. Furthermore, following RUNX2 knockdown ( Fig. 4I and J) , sensitization of HOS and U2OS cells to DOX was also significantly increased ( Fig. 4K and L) . Taken together, the results indicated that RUNX2 was an important functional target of miR-150 involved in the proliferation and chemotherapy sensitization of OS cells.
miR-150 and RUNX2 affect OS cell chemosensitivity by regulating apoptosis proteins. Expression levels of RUNX2
were decreased with increased concentrations of DOX treatment in HOS and U2OS cells in a dose-dependent manner ( Fig. 5A and B) . The levels of apoptosis proteins, including cleaved caspase-3 and cleaved caspase-8 were tested. The results revealed that miR-150 significantly increased the expression of cleaved caspase-3 and cleaved caspase-8 in both HOS and U2OS cells, while RUNX2 significantly decreased the expression levels of cleaved caspase-3 and cleaved caspase-8 ( Fig. 5C-J) . Therefore, the data from the present study demonstrated the molecular mechanism underlying the miR-150-RUNX2 axis in OS resistance to DOX.
Discussion
In the present study, it was revealed that RUNX2 knockdown sensitized OS to the treatment of DOX. In addition, a novel mechanism for the miR-150-RUNX2 axis was indicated, which demonstrated that RUNX2 is a target gene of miR-150. miR-150 significantly suppressed cell shRNA-transfected HOS cell viability was measured using a CCK-8 assay following treatment with or without DOX. (L) RUNX2 shRNA-transfected U2OS cell viability was measured using a CCK-8 assay following treatment with or without DOX. All assays were performed in triplicate. *** P<0.001 and ** P<0.01. RUNX2, runt-related transcription factor 2; miR, microRNA; OS, osteosarcoma; CCK-8, Cell Counting Kit-8; DOX, doxorubicin; shRNA, short hairpin RNA; miR-NC, negative control miR mimic. proliferation and invasion in OS cells by directly targeting RUNX2. Restoration of RUNX2 in OS cells reversed the tumor suppressor and chemoprotective roles of miR-150. In summary, miR-150 functions as a tumor suppressor and sensitizes OS to chemotherapy-induced apoptosis by targeting RUNX2.
In recent years, miRNAs have been demonstrated as important cancer biomarkers in a wide range of different types of cancer (12) (13) (14) (15) (16) (17) . During cancer progression, miRNAs regulate the transcription and expression of a large number of genes, a number of which are vital for the genesis and development of cancer cells (22, 23) . There are abundant reports of the aberrant expression and the function of miRNAs in OS; certain miRNAs act as oncogenes, while others serve as tumor suppressors (24, 25) . miR-150 is also a tumor-associated miRNA, but the biological function and the underlying molecular mechanisms of miR-150 in OS have not yet been fully investigated.
miR-150 has been reported as downregulated in OS tissues and cells (15) . miR-150 has also been reported as a tumor suppressor by suppressing the PI3K-AKT pathway (26) . miR-150, insulin like growth factor 2 mRNA binding protein 1 (IGF2BP1) and combined miR-150/IGF2BP1 expressions were all identified as independent prognostic factors for overall and disease-free survival of patients with osteosarcoma (27) . In a previous study, exogenous miR-150 expression stimulated cell apoptosis and inhibited proliferation, invasion and migration (28) . However, to the best of our knowledge, the downstream targets and details regarding the molecular mechanisms underlying tumor suppression by miR-150 have not yet been elucidated.
RUNX2 is an important transcription factor, which regulates the cell fate during normal osteoblast differentiation, such as cell apoptosis in response to tumor necrosis factor-α (29, 31) . Furthermore, RUNX2 has been implicated as a putative oncogene and a cancer biomarker in OS (32, 33) . However, until now, the biological consequences of RUNX2 overexpression and its molecular role in the chemoprotection of OS had not been clearly defined.
In the present study, a TargetScan bioinformatics algorithm was used to investigate whether RUNX2 is a target of miR-150, and it was revealed that miR-150 may bind to RUNX2 3'-UTR. The subsequent luciferase reporter assay demonstrated that miR-150 could specifically decrease the luciferase activity of the RUNX2 3'-UTR, but not that of the Mut, and that miR-150 could suppress RUNX2 in OS cell lines, indicating that RUNX2 was a direct target of miR-150. Proliferation assays revealed that miR-150 overexpression and RUNX2 knockdown exhibited similar inhibiting effects on OS cell proliferation and chemotherapy resistance. Furthermore, restoration of RUNX2 reversed the suppressive effects of miR-150 on OS cell proliferation and chemotherapy treatment.
In the present study, although it was demonstrated that the miR-150-RUNX2 axis played an important role in OS cell chemotherapeutic agent resistance, several issues remain to be investigated. The regulators of the miR-150-RUNX2 axis require further investigation, and this theory must be verified by additional clinical experiments. A biological function study of the network of miR-150-RUNX2 axis would facilitate the pathogenesis research of human OS. New molecular targeting drugs may be developed based on this miR-150-RUNX2 axis network.
Taken together, the present study identified miR-150 as a tumor suppressor in OS, and that it inhibits OS growth by targeting RUNX2. miR-150 can be used as a potential therapy in future OS treatment.
